The 26 December 2004 Great Sumatra-Andaman earthquake opened a new era for seismologists to understand the complex source process of a great earthquake. This is the first event with moment magnitude greater than 9 since the deployment of high-dynamic-range broadband seismic and Global Positioning System (GPS) sensors around the globe. This study presents an analysis of the ruptured faultplane geometry and slip distribution using long-period teleseismic data and GPSmeasured static surface displacements near the fault plane. We employ a rupture geometry with six along-strike segments with and without a steeper down-dip extension. The fault segments are further subdivided into a total of 201 ϳ30 ‫ן‬ 30 km fault patches. Sensitivity tests of fault-plane geometry and the variation in rupture velocity indicate that the dip and curvature of the fault plane are not well resolved from the given data set and the rupture velocity is constrained to be between 1.8 and 2.6 km/sec. Error estimations of the slip distribution using a random selection of seismic and GPS station subsets (50% of all stations) illustrate that slip is well resolved along the whole rupture and the mean slip uncertainty is less than 1.5 m (about 11%). Although it is possible that near-field GPS data include contributions from additional postseismic transient deformation, our preferred model suggests that the Sumatra-Andaman earthquake had a magnitude of M w 9.20 ‫ם‬ ‫.60.0מ/50.0‬
Introduction
The great M w 9.1-9.3 Sumatra-Andaman earthquake occurred on 26 December 2004 in the subduction zone west of the island of Sumatra in Indonesia rupturing northward for about 1300 km along the Nicobar-Andaman island chain . It is the first great event with sufficient data to allow for a detailed analysis of its complex sourcerupture process. For the first time, global very broadband seismic and geodetic measurements are available. Several slip and rupture propagation models have been estimated from short-period P waveforms (Ishii et al., 2005; Krüger and Ohrnberger, 2005; Lomax, 2005; Ni et al., 2005) , hydroacoustic T-phase data (de Groot-Hedlin, 2005; Tolstoy and Bohnenstiehl, 2005) , long-period normal modes (Park et al., 2005; Stein and Okal, 2005) , long-period waveforms (Tsai, et al., 2005) , broadband seismic waveforms Lay et al., 2005) , and geodetic data Vigny et al., 2005; Subarya et al., 2006) . In this article we jointly invert the long-period teleseismic waveform data and horizontal static-surface offsets from campaign-mode and continuous GPS observations in the near-field region of the event for the coseismic slip distribution, and perform a sensitivity and error analysis of fault geometry, slip distribution, and kinematic rupture parameters.
Data and Inversion Method
We considered all three components of displacement recorded at 10 Incorporated Research Institutions for Seismology (IRIS) and GEOSCOPE seismic stations ( Figure 1a) . The epicentral distances, measured from the U.S. Geological Survey (USGS) epicenter (95.96Њ E, 3.30Њ N) to the 10 stations range from 43.6Њ (AAK) to 65.2Њ (TAU). The 10 stations were selected by considering their signal-to-noise and azimuthal coverage qualities. From each station threecomponent waveforms for a 4000-sec time window from the origin time were used. The data and theoretical Green's functions were bandpass filtered between 100 and 500 sec. We computed theoretical Green's functions at 0.2Њ intervals in distance and 5-km intervals in depth by using the normalmode summation method in spherical geometry with model PREM (Dziewonski and Anderson, 1981) . Because PREM is a very good average 1D model for long-period seismic waveforms, we didn't take into account any 3D wavepropagation effects on our Green's function computation.
The GPS data used for the inversion represent a 38-station near-field subset of the 142 coseismic surface displacements measured by continuous and campaign-mode GPS stations reported by Banerjee et al. (2007) (Fig. 1b) . We focus on the near-field horizontal geodetic data, including campaign and continuous GPS measurements on the Sumatra, Nicobar, and Andaman Islands from within 300 km of the trench and between 0Њ N and 14Њ N. In this data set the offset estimates for near-field campaign-mode GPS sites were adjusted using an after-slip model to account for several weeks of postseismic deformation prior to reoccupation of the GPS stations (Banerjee et al., 2007; their tables S-3 and S-4) . The distribution of vertical GPS offsets can provide valuable constraints on the dip and extent of the fault plane. However, corrections for postseismic components of the vertical offsets at near-field sites are not available. Therefore, vertical offsets are just used to crosscheck the reliability of final models ( E see Figures S1 and S2 in the electronic edition of BSSA). GPS Green's functions for flat-layered elastic structures based on PREM are computed using FOR-TRAN programs EDGRN/EDCMP (Wang et al., 2003) . Although the length of our fault model is very long and Earth sphericity can be important, we found that static offsets are insensitive to slip further than 400 km from a GPS station ( E see Figure S3 in the electronic edition of BSSA). Therefore it is justifiable to ignore sphericity for the near-field GPS stations (within 400 km) of the fault. Modeled displacements of stations at much greater distances with centimeter-level offsets would be greatly underpredicted unless Earth sphericity is taken into account figure S3 ).
To invert data for the slip distribution, we use a leastsquares inversion method, which has been widely applied for source studies using locally or regionally recorded earthquakes with or without additional geodetic constraints (e.g., Hartzell and Heaton, 1983; Dreger and Kaverina, 2000; Kaverina et al., 2002) . Here we use normal-mode-computed Green's functions, as described subsequently, to invert complete waveforms at teleseismic distances.
Seismic waveforms and GPS static offsets can be represented by a space-time and space convolution of slip and Green's functions, respectively. For fixed fault planes and predefined rupture initiation time at each subfault based on rupture velocity, origin time, and relative location with respect to hypocenter, observed seismic waveforms and GPS offsets can be represented by
͚ n G n n‫1ס‬ U(x, t) and V(x) are the observed seismic waveform and GPS offset at a station location of x. G S and G G are seismic and GPS Green's functions, dt n is the time delay due to rupture propagation, and x n is a subfault location. A n , l n , and u n are subfault area, rigidity, and slip for the nth subfault from a total of N subfaults, respectively. These equations are discrete forms of the general representation theorem. Here all other parameters except u n are given. Therefore, a simple matrix relation between observed data (waveforms and GPS offsets) and model parameter u n can be constructed (Kaverina et al., 2002) . Because we are inverting long-period data, and the rise time of each subfault is very short (e.g., Sommerville et al., 1999 ) compared with the passband (100-500 sec) employed, the detailed variation in slip rise time of each subfault is not recoverable with the long-period data and ignored. The trigger time of each subfault is defined by the passage of the circular rupture front with constant rupture velocity over one fault segment. There is a broad range (1.8-2.6 km/sec) of rupture velocities that fits the seismic waveform data we used. We choose the value of 2.5 km/sec because it is consistent with the T phase (Tolstoy and Bohnenstiehl, 2005 ) and short-period P-wave observations (Krüger and Ohrnberger, 2005; Ni et al., 2005) . For multiple-segment fault models, initial points of the rupture front on each segment account for the transit times across previous segments with respect to the origin time. A Laplacian-smoothing operator and slip-positivity constraint are applied in all of the inversions. For the joint inversion, a weighting factor is applied to the geodetic data set and GPS Green's functions to find an optimal slip model sufficiently explaining both data sets.
Distributed Slip Models Obtained from Seismic and Geodetic Data
We test two fault geometries. Geometry model A is obtained from the previous study of and model B is slightly modified from model A in that the deeper, steeper segments of the fault have been removed (small panels in Fig. 2a and b) . Model A consists of 12 fault segments with 6 segments along the trench-parallel direction and 2 down-dip segments. This fault geometry takes increasing dip angles with depth into consideration. Geometry model B consists of 6 segments. Each segment in this model has the same upper-edge location, strike, dip, and length parameters as the upper segments of model A, but the downdip width is increased by 20 to 33% to maintain the total width of model A ( E Table S1 in the electronic edition of BSSA). Thus, the dip angles of the segments are constant with depth for model B. The dip angles of the segments are 11, 15, 18, 18, 18, and 18Њ from south to north and 35Њ for all deeper segments of model A. Each segment of the fault model is further divided into subfaults with length and width of about 30 km for the inversion. The total number of subfaults is 201. This level of subfault discretization corresponds to the lower cutoff period of the seismic-waveform data with respect to seismic-wave velocity and the range of rupture velocity. It also produces a smooth kinematic rupture model in the passband employed. The rake is allowed to vary within the range of 50Њ to 140Њ with respect to the strike.
We name the slip models depending on the choice of fault geometry and inclusion of the seismic and/or GPS data. Slip model AS refers to the model inverted from seismic data only over geometry A, the slip model on geometry A from only GPS data is model AG, and model BJ indicates a slip model for geometry model B derived from the joint inversion of seismic and GPS data.
We find that the slip distributions obtained with the two different fault geometries, using only long-period seismic waveform data (slip models AS and BS) are very similar (Fig. 2 ) because long-period waveforms are not sensitive to the small variation in dip angles with depth. Although these models were obtained by inverting only the primary wave field, including R 1 and G 1 (initial 4000 sec of record), they were also found to forward model well the later-arriving waveforms over a long time window of about 4 hours (15,000 sec). Even though there are about four times more data points in 4-hour records than there are in 4000-sec records, the variance reduction is only lower by 6%. In Figure  2 , both slip models AS and BS show large slip patches at about 4Њ N and a high-slip region with slip larger than 10 m extends only up to 10Њ N. There is no indication of substantial slip on the northern fault segments. Slip near the hypocenter is small compared with the largest slip further to the north within the southernmost fault segment. The rake changes from south to north. On the southern segment (2Њ N-5Њ N), the slip direction is nearly pure dip slip. However, it becomes more oblique (reverse plus right-lateral) on the next two northern segments (5Њ N-10Њ N). The moment magnitudes (Hank and Kanamori, 1979) of slip models AS and BS are 9.14 (5.783 ‫ן‬ 10 29 dyne cm) and 9.12 (5.287 ‫ן‬ 10 29 dyne cm), respectively. The seismic-variance reductions for the given slip models show that all three-component variance reductions vary significantly with azimuth (different stations). The variance reductions may be affected by two main factors, namely, directivity and the radiation pattern. The variance reductions for all three components have significant troughs near the direction opposite to the rupture propagation (e.g., azimuth ϳ140Њ, CAN and TAU). The source time function at these stations is longer and more complex than the one recorded at a station in the rupture direction, due to directivity ( Fig.  3a and c) . The comparison between the trend of tangential variance reduction and the SH-radiation pattern based on the single Harvard CMT solution shows a correlation with minima in the CMT SH radiation and the level of fit to the waveforms from the finite-source rupture models ( Fig. 2c and d) . This indicates that the observed waveforms at stations located near radiation nodes contain some 3D wave-propagation effects due to heterogeneity, focusing, and defocusing. The comparison of synthetic and observed seismic waveforms shows that synthetic waveforms underestimate observed waveforms near SH nodes (e.g., YSS, MAJO, KIV, and AAK) for the tangential component, whereas the synthetics for radial and vertical components fit the corresponding observations well, except in the direction opposite to the rupture ( Fig. 3 and E Figures S4 and S5 in the electronic edition of BSSA).
To better constrain the slip distribution we added geodetic static offset data. In combining the two data sets it is necessary to apply a relative weight (GPS weight) to account for the different amount of information in the two data sets. We performed a sensitivity analysis of the GPS weight regarding the respective levels of fit to each data set. An optimal weight was found that resulted in good, near-maximum levels of fit to the two independent data sets (Fig. 4a) . For the joint inversion of seismic waveforms and GPS, two variance-reduction curves clearly show trade-offs as a function of GPS weight; as the GPS weight increases so does the fit to the GPS data, whereas the fit to the seismic-waveform data decreases by a smaller amount. The seismic moment increases as the weight increases (Fig. 4b) , indicating that the GPS data require greater seismic moment. From the trade-off curves (Fig. 4a) , we choose a GPS weight of 0.8, which results in large variance reduction for both the seismic and GPS data sets, for both fault-model geometries. We refer to these joint-inversion models as AJ and BJ.
The variance reductions for the two GPS-only models AG and BG are both 99.9%. Seismic moments for slip models AJ, BJ, AG, and BG are 7.685 ‫ן‬ 10 29 , 7.152 ‫ן‬ 10 29 , 8.374 ‫ן‬ 10 29 , and 8.461 ‫ן‬ 10 29 dyne cm, respectively. The M w of the joint inversions is 9.21 and for the GPS-only inversions it is only slightly larger (9.25). These values are larger by about 50% than the corresponding moments from models using only seismic data, but all the inversions indicate that the M w lies in a range from 9.12 to 9.25.
To evaluate the differences among slip models from the different data sets we plot changes in moment density with latitude ( Fig. 5a and E Figure S6a in the electronic edition of BSSA). Moment density is defined as released moment per kilometer along strike from south to north. The trends of moment density for models AJ and BJ are similar to the seismic-slip models but the moment density of the jointinversion slip models are substantially higher than the seismic models in the northern part of the rupture, especially with respect to the maximum-moment release (about 4Њ N). The slip models from GPS-only inversions show significant moment release near the epicenter (about 3Њ N). The joint and GPS slip models differ in that the GPS models show larger moment released on the southern (about 2Њ N) and central (5-10Њ N) part of the fault but less moment release near the maximum found in the joint inversions (4Њ N) ( Fig. 5a and E Figure S6a in the electronic edition of BSSA). The total seismic-variance reductions are 68.39 (slip model AJ) and 68.36% (slip model BJ), which are lower by 1.0 and 3.3% than those obtained in the seismic-waveformonly inversions ( Fig. 5b and E Figure S6b in the electronic edition of BSSA). However the GPS-variance reductions for the two models are 96.39 and 98.00%, which are increased by 23.86 and 28.37% from the forward-modeled GPS using the seismic-only slip models (AS and BS). The variations in seismic-variance reductions for the three components show that the variance reductions are more or less consistent with those for slip models AS and BS, but the variance reductions of all three components have more significant minima near 140 deg (opposite direction of the rupture propagation) and near one of the SH nodes at 320 deg. The modeled GPS offsets for slip models AJ and BJ underestimate the GPS offsets over the fault plane. (Fig. 5c,d and E Figure S6c 
Sensitivity Tests for Fault Geometry and Rupture Velocity
To confirm that our choice of fault geometry is not generating any artificial moment distribution due to inappropriate distribution of subfaults or extent of the segments, we tested several fault-geometry models, which are perturbed from model B. These tests ( E see Figure S7 in the electronic edition of BSSA) show that the effect of extending the fault planes is not significant compared with laterally shifting the whole-fault planes. A shift of the model fault planes by 0.2Њ (ϳ22 km) to the east and west reduces and increases the seismic moment, respectively. It indicates that the relative distance from shallow subfaults to the GPS stations that have large static offsets mainly control the seismic moment of the models ( E see Figure S7 in the electronic edition of BSSA). The extension of the length of the southern-most segment and down-dip extension do not change the fit to the seismic and GPS data sets and the changes in seismic and GPSvariance reductions are less than 1 and 3%, respectively. The shifting of the whole-fault plane does not improve the fit to GPS static-offset data, but seismic data prefer the model shifted to the south. The seismic-variance reduction is increased by 3% compared with that for model B.
To constrain key model parameters, we also consider sensitivity tests for dip angle and rupture velocity. Both parameters are important in the estimation of moment magnitude and final slip distribution. First, we test a series of dip angles that were jointly varied for all segments in geometry model B. Repeated inversions with changes in dip over a range of ‫8ע‬Њ from the starting model show that the variance reduction is slowly decreasing as dip angle is increasing (Fig. 6a) . However, we find a systematic increase in moment magnitude with decreasing dip as had been previously documented (Fig. 6b) . The dip angles of the fault planes are very important to determine the seismic moment of this earthquake. Gentle dip angles can lead to quite a large seismic moment (Tsai et al., 2005) . Although the sensitivity test for dip angle indicates that a shallower rupture plane leads to an improved fit of the teleseismic waveforms when it is jointly constrained with near-horizontal static offsets, we still prefer the fault-geometry model with unperturbed dip angles because this fault geometry is compatible with the distribution of aftershocks (Bilham et al., 2005; Lay et al., 2005; Engdahl et al., 2007) . We also tested many models in which dip angles were independently varied in geometry model B, but our data set is not sensitive enough to resolve the detailed variation in dip angles over the fault segments.
Finally, we test seismic-and GPS-variance reduction and seismic moment as a function of rupture velocity (Fig.  6c-f) . We consider joint inversions of the three-component seismic waveforms and the GPS data and seismic-only inversions for geometry models A and B. For both fault geometries the best fit is over the range from 1.8 to 2.8 km/ sec, showing that the data set we used is not very sensitive to the rupture velocity, though it is clearly subshear. The seismic-only results show a trend that is similar to the ones obtained for the joint inversions. Note, however, that the forward-modeled GPS offsets using the seismic-only slip model results in a sharp peak in variance reduction at 2.5 km/ sec (Fig. 6e) . This indicates that the slip distribution obtained from seismic data using a 2.5 km/sec rupture velocity can explain the near-field static offsets relatively well. Although our sensitivity test did not give us an optimal rupture velocity, we believe that a 2.5 km/sec rupture velocity is reasonable based on forward GPS computations and also independent previous estimations based on different data sets Krüger and Ohrnberger, 2005; Tolstoy and Bohnenstiehl, 2005) . Because the seismic and geodetic data we consider do not provide good constraints on either the dip or the propagation velocity of the rupture, it is important to incorporate independent determinations of these parameters from other studies (e.g., Bilham et al., 2005; Ishii et al., 2005; Tolstoy et al., 2005; Engdahl et al., 2007) . Tsai et al. (2005) is plotted with gray bars. Because the multiple CMT sources have a gentler dip than our fault-plane models do, the moment density for the multiple CMT solution is larger than that obtained from only seismic waveforms in this study (see Fig. 6b ). 
Error Analysis using Random Station Selection
A proper estimate of model error is as important as getting a very detailed slip distribution. However, it is not easy to conduct a complete error analysis for slip-distribution models because many factors contribute, such as the assumed velocity model or the station geometry. Here we investigate the variability in recovered slip due to the choice of stations used in the inversion. In this random stationselection method we randomly select 50% of seismic and GPS stations and invert them for slip distribution and we repeat this process ten times. (Each inversion takes about 12 hours to compute, and thus we did not conduct more comprehensive statistical subsampling tests.) By doing this, we obtained 10 slip-distribution models from which the mean and standard deviation of the slip was computed ( Fig. 7 and E see Figure (123) cm. This indicates that our slip distribution is stable with respect to the choice of the seismic and GPS stations. For both slip models AJ and BJ, maximum uncertainty of slip occurs near the surface of the southern segments near 4Њ N.
Discussion and Conclusions
We invert long-period global seismic waveforms and static horizontal GPS offsets for the slip distribution of the 2004 Sumatra-Andaman event. The results show that the mean total seismic moment from models AS, BS, AJ, BJ, AG, and BG is 7.124 ‫ע‬ 1.330 ‫ן‬ 10 29 (M w 9.20 ‫/50.0ם‬ ‫.)60.0מ‬ The estimate of M w 9.20 is consistent with that obtained by Banerjee et al. ( , 2007 and Vigny et al. (2005) using only GPS data. The mean M w from the seismiconly, joint, and GPS-only inversions are 9.13, 9.21, and 9.25. The discrepancy between models using seismic-only and joint data sets indicates that some slip may not be detected in the seismic waveforms in the period range between 100 and 500 sec, but uncertainty due to the assumed velocity structure and possibly unaccounted for postseismic deformation could also account for the difference. To explain this moment-magnitude difference, we need approximately 2-3 m of additional slip on nearly the whole fault surface, which corresponds to an increase of about 32% of the average slip over the seismic-only models. The near-field coseismic GPS offset estimates of Banerjee et al. (2007) include a correction for afterslip based on an inversion of available continuous GPS displacements from between the time of the earthquake and the GPS campaign observations. It is possible, however, that some additional afterslip affecting some of the near-field sites is not captured in this model. Vigny et al. (2005) show from epoch-by-epoch analysis of the first few hours of GPS time series, that the event did not involve significant continued slow slip, which had been suggested by Stein and Okal (2005) to explain systematic increases of moment estimates with the period of the data considered. As we mentioned in the section on sensitivity tests for fault geometry and rupture velocity, the dip angle of the fault is a very important parameter that controls the seismic moment of the earthquake and it is possible to estimate a quite large moment magnitude when a gentler fault plane is assumed (e.g., Tsai et al., 2005) .
We compare forward-modeled static offsets at far-field sites from the slip models we derived in Figure 8 . Because our GPS subset is restricted to near-field stations, we test if our slip model can explain relatively far-field GPS offsets on the Malaysian Peninsula, which were used in previous geodetic slip inversions (Subarya et al., 2005; Vigny et al., 2005; Banerjee et al., 2007) . We do not consider station offsets at Ͼ1000-km distance, as their motions are strongly affected by Earth's sphericity, which we do not incorporate in our static-offset model. Subarya et al. (2005) examined both layered and homogeneous half-space models, whereas Vigny et al. (2005) relied on uniform elastic half-space calculations. The forward GPS prediction for models AS ( E see Figure S9 in the electronic edition of BSSA) and BS (Fig. 8) , which significantly underestimate the near-field GPS observations (Fig. 8a) , slightly underestimate the far-field offsets, whereas models AJ, BJ, AG, and BG, which are optimized to fit the near-field GPS offsets ( Fig. 5c and e, and E Figures S6c and S6e in the electronic edition of BSSA), slightly overestimate the GPS observations over the Malaysian Peninsula ( Fig. 8c and d) . However, as the comparison shows, our slip model from the joint inversion of seismic waveforms and near-field GPS offsets can explain the farfield static offsets quite well. The good fit to both the nearfield campaign data corrected for postseismic motions and to the 1-day offsets of permanent GPS stations in the far field suggests that any unaccounted for postseismic excess motions are small. Banerjee et al. ( , 2007 find that slip on steeperdipping segments at depth below portions of the rupture improve the fit to the GPS deformation data, especially in the vertical component. We tested the two fault-geometry models with varying and constant dip angles. The nearly identical slip models for fault-geometry models A and B (Fig. 2 and Figures S1 and S2 in the electronic edition of BSSA) indicate that the frequency range of our seismic data set is too low to independently resolve the increasing dip of the plate interface with depth and our near-field horizontal component GPS offset data are also not sensitive to the variation in dip angle with depth.
Our joint slip distribution (Fig. 9 ) is similar to slip models obtained from other studies in that the location of largest slip patch and the extent of the large slip region (e.g., Ammon et al., 2005; Song et al., 2005) . The largest slip patch, just west of the northern tip of Sumatra, is consistent with one of the tsunami source regions found by Fine et al. (2005) , and the northward extent of significant slip in our joint-inversion models is consistent with the tsunamigenic regions proposed by Lay et al. (2005) .
Our investigation of the sensitivity of the obtained slip models to geometry, rupture velocity, as well as seismicstation distribution indicates that the joint-inversion models for the two possible fault geometries are well constrained, where maximum deviations are on average less than 1.5 m over all fault segments. The maximum slip is near 4Њ N and Figure S9 in the electronic edition of BSSA).
the high-slip region extends up to 10Њ N. This area of maximum slip was found to largely control the fit to the seismicwaveform data. The GPS data identify significantly more slip along the northern portion of the rupture than captured by seismic data alone, as was found in previous studies. In conclusion we find that the seismic and geodetic data complement each other well and allow us to determine a reliable kinematic description of the great 2004 Sumatra-Andaman earthquake. Figure 9 . The preferred slip-distribution model from joint inversion of seismic waveforms and GPS static offsets over geometry model B.
